We present a model of the solar neighbourhood (d < 100 pc) white dwarf (WD) population and show the resulting effective temperature and mass distribution. Our model parameters, in particular the WD cooling time-scale, are constrained by the models of Chabrier et al. The local initial mass function and star formation rate (SFR, per unit volume in the Galactic plane) of Schröder & Pagel are used for the creation of the synthetic stars from which the WDs originate, as well as the above authors' grid of evolutionary tracks. Furthermore, we consider in detail the significant depletion of the older (and cooler) WDs by dilution into the column, as caused by the dynamics of the 'thin disc'.
I N T RO D U C T I O N
There has been impressive progress in the recent decade on the observational side of white dwarf (WD) research. The on-going SPY observing campaign (SN Ia Progenitor surveY, see Napiwotzki et al. 2001; Koester et al. 2001) , in particular, employs the European Southern Observatory (ESO) Very Large Telescope (VLT) for highresolution spectroscopy. SPY studies a very large but magnitudelimited WD sample, which contains a revised number of 1078 prospective objects. It covers nearly half the sky area and has a E-mail: kps@pact.cpes.sussex.ac.uk reach of, mostly, about 200 pc (the SPY candidate list contains a small fraction of more distant WDs within ≈600 pc) and B < 16.5. In the future, the European Space Agency's Gaia mission will widen our WD horizon as far as to B ≈ 19.
Still, the larger part of the WD population within 100 pc distance is currently missed by observation because most (but the very nearest) WDs cooler than about 6000 K fall below the magnitude limit. This motivates computation of a synthetic WD sample, which will allow a proper understanding of the complete local WD population. WD model populations are used to interpret the observed WD luminosity function and to determine the age of the Galactic disc from it (Fontaine, Brassard & Bergeron 2001 and references therein). Another application of synthetic WD populations was presented by Reylé, Robin & Crézé (2001) and by Flynn, Holopainen & Holmberg (2003) . They constructed WD samples from the disc and halo populations to evaluate the claimed detection of WDs belonging to the dark matter halo by Oppenheimer et al. (2001) . Both groups concluded that the observations can be explained by WDs from the standard populations without the need to invoke dark halo WDs. Pauli et al. (2003) analysed the kinematics of WDs with radial velocity measurements from SPY. The sample of WDs was separated into thin disc, thick disc and halo members according to a set of classification criteria. However, as SPY is basically a magnitudelimited sample, the exact number of visible WDs depends critically on the adopted temperature distribution. Models of the WD populations are necessary to compute the fractional densities of WDs of the different populations.
This has led us to compute the local WD population model (as presented in Section 2). Magnitude-limited subsamples created from it (Section 3) can serve as benchmark tests to survey data (Section 5). Our WD population is based on a model of the local thin disc stellar population (Schröder & Pagel 2003) , which was developed to describe the properties of the Hipparcos sample of nearby stars. WD model populations depend on several ingredients, namely: the star formation history in the Galactic disc, the evolution of the WD precursors including a quantitative description of the mass loss in the red giant phases, the cooling time-scales of the WDs (see Section 2.2), and the initial-final-mass relation which describes the cumulative mass loss during a stellar life (see Section 2.4).
In addition, computation of a synthetic sample of WDs requires knowledge of the dilution of older WDs as caused by Galactic thin disc dynamics (see Section 2.1). Indeed, at least for single WDs, we have a very good model of their formation history: we use the 'death' rate of the synthetic stellar sample which is our best match to the observed solar neighbourhood single star population (for details of the computation of our synthetic stellar samples, see Schröder 1998; Schröder & Sedlmayr 2001 and Schröder & Pagel 2003) .
The accuracy of current WD models, on which the properties of our synthetic WD sample depend, has been tested with well observed, real WDs -especially in terms of a quantitative mass-radius relation (see, e.g. Koester & Reimers 1996; Vauclair et al. 1997) . However, in practice, the interpretation of observational data yields a large spread of radii for WDs of the same mass, which may just reflect the uncertainties of this approach. Another way of testing the cooling time of WDs, but only on relatively short (<1 Gyr) timescales, is given by rich Galactic clusters (e.g. M37: Kalirai et al. 2001, and M44: Claver et al. 2001) . For much longer time-scales, the Hubble Space Telescope (HST) has been used to observe the WDs cooling sequence in the globular cluster M4 (Hansen et al. 2002; De et al. 2003) . But absolute ages of globular clusters are not yet so well established -they may rather be timed by the WD cooling sequence than the other way round.
Hence, a direct test of the synthetic WD temperature distribution and cooling time-scales applied is the comparison with a complete, volume-limited sample of real WDs. These are to be very near to avoid (or at least minimize) incompleteness near the cool end of the WD temperature distribution. A suitable WD sample for such a comparison has been published by Holberg et al. (2002) who claim it to be complete within d =13 pc (see Section 4). After testing their sample for any remaining incompleteness, we use it to check the synthetic temperature distribution (Section 2.2) of our WD population model.
The solar neighbourhood WD population, being formed as the end products of stellar evolution, has a continuous distribution of ages, as it is fed by the 'death' rate of the local stellar population. For the solar neighbourhood single stars, within d < 100 pc, we have already generated population models which are a quantitative match of the Hipparcos (apparently) single star HR diagram, which take special consideration of matching the numbers of, in particular, He-burning giants and RGB stars (Schröder 1998; Schröder & Sedlmayr 2001; Schröder & Pagel 2003) . We here use the same grid of evolution tracks and initial mass function (IMF) as described in our latest paper (i.e. an apparent IMF in the local, spherical volume of 100 pc radius around the Sun). This IMF is slightly steeper than the one for the stellar population right on the Galactic plane (i.e. in a volume truncated at z = 25 pc), reflecting the smaller fraction of massive stars at larger z: dN / d log M * ∝ M with 1 = − 1.75 for M * < 1.6 M and 2 = − 2.35 for M * > 1.6 M . As a (present-day) SFR in the volume (d < 100 pc), we then require SFR o = 8.2 stars (with M * > 0.9 M ) per Gyr, assuming an age of the 'thin disc' of 9 Gyr (consistent with Schröder & Pagel 2003) .
In addition, the decrease in the local density of WDs owing to dynamical processes in the Galactic disc must be taken into account. The steady kinetic energy interchange with Galactic molecular clouds, for example, causes older stars to be diluted further into the column perpendicular to the Galactic plane (see Schröder & Pagel (2003) and references given therein). Our age-dependent dilution factor F depl (t * ) is inversely proportional to the scale height of the stellar spatial density, with F depl (t * ) = 195 pc/H z (t * ) and H z (t * ) = 177 pc × (1.0 + t * /10 9 yr) 0.5 , for stars that are old enough to have reached a thermalized kinematics (i.e. t * > 7 × 10 8 yr). For comparison, we also tried a much simplified diffusion prescription discussed in Schröder & Pagel (2003) , which employs an apparent SFR (in the volume) of: SFR(t * ) = SFR o × e −t * /τ dif , with τ dif = 6.3 × 10 9 yr [referred to as models type (2) here]. For the above parameters, we obtain a total number of 13 700 synthetic WDs within d < 100 pc. For WD numbers in smaller volumes, as required for a comparison with the Holberg et al. sample of WDs, we apply the distance dependence which we obtained from the counts of single stars with M V < 4.0 and different sample reach, using the Hipparcos catalogue (Schröder 1998) . Most of these stars have a mass M * > 1.1 M , which approximately covers the relevant range to develop thin disc WDs. Between a sample reach d of 100 and 50 pc, the respective numbers decrease from 8984 to 1337 stars or, approximately, as N ∝ (d/50 pc) 2.7 . Compared to a power of 3 as for uniform spatial WD distribution, this means a deficiency of about 20 per cent towards 100 pc distance. This can be understood entirely as a consequence of the sample reach d beginning to compare with the average stellar density scale height in the thin disc (≈250 pc), rather than an incompleteness of the Hipparcos catalogue. In any case, under 50 pc stellar numbers agree well with N ∝ d 3 . This spatial density distribution yields a suggested number of 37 (single) synthetic WDs (out of the above 13 700) within d < 13 pc.
WD cooling
Essential to the resulting temperature and luminosity distribution of a synthetic sample of WDs is a realistic prescription of the cooling time-scales. The basic physics of WD cooling was worked out over 50 yr ago by Mestel (1952) and is now well established (Mestel & Ruderman 1967) . The principles are well illustrated by a simple model of a WD: a fully degenerate, nearly isothermal core of high thermal conductivity, containing nearly all the mass M WD surrounded by a non-degenerate, radiative envelope with Kramers opacity. The WD luminosity L at the WD age t WD is then given by
However, a quantitative treatment of the WD cooling time requires knowledge of the exact opacities of the outer layers, and of the specific heat C v of the degenerate core -both of which show a temperature dependence of their own. That gives the real L − t WD relation a different slope, especially nearer to its hot and cool ends. For the same reason, the actual relation between the luminosity of a cool WD and its mass differs from the simple theoretical model mentioned above.
For this population model, we based our WD luminosities mostly on the detailed WD models of Chabrier et al. (2000) (see their figs 3 and 4), who also consider in detail the energy locked away in the crystal lattice structure of the WD core region below the Debye temperature (Hamada & Salpeter 1961) , as well as realistic envelope opacities. For WDs younger than about 1 Gyr, however, we follow the respective models of Wood (1995) . Because these suggest up to 20 per cent higher luminosities in the range of t WD = 1 to 3 Gyr (with log L/L = −3.2 to −3.8), our simple analytical approximation averages between Wood's and Chabrier's WD luminosities. In the wide range of log L/L = −2.0 to −3.8, these luminosities follow indeed the simple, ∝ t −1.4 WD decline suggested by Mestel (1952) . In particular, we used the following analytical expression of the WD luminosity which is approximately representative of the above models (for t WD taken in years)
The coefficients for equation (1) are given in Table 1 . F(M WD , t WD ) is simply M WD /M for t WD < 3.0 Gyr. Only for larger WD ages, corresponding to log L/L < −3.8 (when T eff falls below 6000 K), for approximating the WD models of Chabrier et al. (2000) with different masses, we use F 3.0 = (τ WD9 − 3.0) / 3.5 + (M WD / 0.6 M ) (6.5 − τ WD9 )/3.5, with τ WD9 given in Gyr. For WDs older than 6.5 Gyr, we use
A good measure of the actual luminosity L of a WD and its cooling progress is T eff , the observed WD effective temperature. However, L is ∝ T 4 eff × R 2 WD and T eff , therefore, depends on the actual radius R WD of the WD model (see Wood 1995 , or Chabrier et al. 2000 as well. This relates, to some extent, to the structural assumptions made in current WD models (i.e. the dominant DA type), especially on the hydrogen and helium layers formed by gravitational separation. Commonly adopted are fractional masses of 10 −4 (H), and 10 −2 (He). For our synthetic sample of WDs, all radii are based on the models of Chabrier et al. (2000) for DA-type WDs (i.e. their tables 2-5). Table 1 . Coefficients α and C for equation (1) for the different ranges of WD cooling age t WD (in Gyr), which give a simplified analytical approximation of the luminosity decline suggested by the WD models of (mainly) Chabrier et al. (2000) and Wood (1995) . The corresponding luminosity boundaries L (in L ) are also given. Table 2 ) is in good agreement with the value derived from the Holberg et al. (2002) sample of observed, nearby WDs (see Section 4). Table 2 . Preferred (boldface) and alternative WD population models: total number N WD of objects with d < 100 pc and their ratio R 6300 of cool over hot WDs. (1) indicates models with dilution according to disc kinematics, (2) stands for use of a simple diffusion approximation (see Section 2.1), (3) marks models using the slightly lower empirical M i − M f relation (see Section 2.4). The SFRs, given in stars per Gyr with M * > 0.9 M , each satisfy the observed star counts in d < 100 pc. The thin disc age of the population model (t disc ) is given in Gyr.
(1 
Possible range of the synthetic WD temperature distribution
The temperature distribution of our prefered WD population model is shown in Fig. 1 -see also Table 2 , line printed in boldface. For a quick characterization of different WD population models (see Table 1 ), as well as for a comparison with a very small but (nearly) volume-limited sample of observed WDs (see Section 4), we define a simple indicator, R 6300 = N cool / N warm : the number ratio of the N cool WDs cooler than 6300 K over the N warm WDs which are hotter. This indicator has the additional advantage of being insensitive to the model details with the much more complex cooling processes below 6000 K and our prescription of F (see above). The temperature distribution shown in Fig. 1 yields a ratio of cool over warm WDs of R 6300 = 0.77. The value of R 6300 in a synthetic WD population depends on the exact radius and temperature scale of the WD models, as well as on the physical details accounted for in the cooling process. For example, a mismatch of the radius scale of just 4 per cent (resulting in a shift of the effective temperature scale by 2 per cent) would change R 6300 by about 10 per cent. The same effect would have a mismatch in the cooling time-scale by about −6 per cent, or if the age of the 'thin disc' differed from the adopted 9.0 Gyr by 0.5 Gyrs (in particular, an age of 8.5 Gyr would bring R 6300 down to 0.70, with all other parameters unchanged, see Table 2 ). There is some controversy over the age of the thin disc: values are suggested which differ from 9 Gyr by more than 1 Gyr, which we found to be the range in which we still obtain good agreement between the numbers of our synthetic giants and observation (see table 2 in Schröder & Pagel 2003) . These giant counts start to differ systematically, however, when we vary the disc age too much. Table 2 lists the remaining reasonable alternatives, in this respect, for WD populations and their key properties.
In addition, the exact depletion description is of significance for the cool, old WDs, as these are even older than the average, presentday low-mass giants. Hence, whereas the nearby stellar population can be modelled equally well with either approach, the simple depletion-by-diffusion approximation as well as with the much more physical depletion-by-dilution model (see Schröder & Pagel 2003 , in particular their fig. 3 and table 2), that does make a difference for the number of cool WDs. But for the old and cool WDs, the simplified diffusion approach results in a noticeably larger reduction of numbers than the dilution model, reducing the related value of R 6300 from 0.77 to 0.66 -see Table 2 , t disc = 9 Gyr, model type (2). The R 6300 value (0.77) obtained by dilution agrees much better with the observed R 6300 (0.68, see Section 4). However, a much larger, complete sample of observed WDs is required to reduce the present uncertainty in the (observed) value of R 6300 sufficiently to distinguish between alternative WD population models.
The synthetic WD mass distribution
The synthetic WD sample yields a mass distribution which we show in Fig. 2 . It depends, much as the temperature distribution does, on the IMF, on the SFR(t), on the depletion description -plus, in particular, on the relation between initial mass and final mass (M i − M f ) suggested by the evolutionary tracks. But it does not depend on any of the details of the WD models which are so critical for the WD temperature distribution.
In the range of M i = 1.0-2.5 M , our evolution models suggest final masses close to Schröder & Sedlmayr 2001) , which is a bit (mostly by 0.03 to 0.08 M ) above the relation derived and revised from observational evidence by Weidemann (1997 Weidemann ( , 2000 .
Much like Wood (1995) , we then find the peak of the synthetic (single) star WD mass distribution near 0.61 M . But this distribution depends a lot on the yield of the AGB mass loss (see below) of the evolution models. With a AGB mass-loss prescription adapted to match the observed M i -M f relation, Yuan (1992) finds a peak around 0.57 M (depending on the age of the Galactic disc). That prediction appears to be closer to the observed peak, which is around 0.55 M (see Koester et al. 2001) .
In fact, we obtain a WD mass distribution very similar to the one of Yuan for a control model population of WDs for which we adopted the observed M i -M f relation (Weidemann 2000) . However, from what we presently know about the mass-loss history of stars with M i around 2 M , their superwinds require very large luminosities (beyond an Eddington-like critical luminosity, see Schröder, Winter & Sedlmayr 1999) which come with too large tip-AGB core masses -i.e. 0.06 M less final mass, as suggested by WD observations, would mean a 40 per cent lower luminosity at the onset of the superwind (all other parameters unchanged). Napiwotzki, Green & Saffer (1999) investigated the mass distribution of WDs from the ROSAT Wide Field Planetary Camera, i.e. WDs selected by their radiation in the far UV. They determined a slightly higher peak mass of 0.59 M , which is partly explained by different selection criteria. From a detailed comparison with mass distributions determined by other groups Napiwotzki et al. concluded that one has to allow for a ≈0.02 M uncertainty of the peak masses derived with state-ofthe-art methods. Hence, part of the apparent discrepancy between observed and theoretical final masses may be explained by observational uncertainties, but in addition, our stellar evolution models may still underestimate the mass loss earlier on the AGB, which we prescribed by the well-known Reimers formula (Schröder et al. 1999) .
Owing to the faster cooling of less massive WDs, our abovementioned comparison sample with the empirical WD mass distribution yields R 6300 = 0.95, see Table 2 , model type (3). To have such a synthetic WD sample in reasonable agreement with the value of R 6300 derived from observation (0.68), the age of the Galactic disc would have to be reduced to at least 8 Gyr (resulting in an R 6300 = 0.78 and a temperature distribution similar to the one shown in Fig. 1 ), all other parameters being unchanged.
M AG N I T U D E -L I M I T E D S Y N T H E T I C S A M P L E S O F W H I T E DWA R F S
The whole synthetic WD population presented here compares with observation only by means of a volume-limited, complete sample of WDs. As discussed in Section 4, only the small Holberg et al. (2002) sample comes close to meeting the demands. But any magnitudelimited, observed WD sample with larger reach will fail to recognize most of the old WDs which have cooled down below about 6000 K and fallen below the brightness threshold. Hence, the apparent temperature distribution of any such magnitude-limited WD sample differs considerably from the one of the Holberg sample and from the one of our (complete) synthetic WD sample. Consequently, a quantitative comparison with larger observed WD samples requires a magnitude-limited sampling of our synthetic WD population.
A typical, conservative recognition threshold is B = 16.0 mag as for most of the SPY objects. Hence, we have to assign random distances to the synthetic WDs to derive their apparent (bolometric) brightnesses, and to convert those into B magnitudes. For the conversion, we use an analytical approximation to the tables given by Bergeron, Wesemael & Beauchamp (1995b) for WD models with a pure hydrogen (log g = 8) atmosphere.
For the random distance assignment, we need to match the observed increase of the numbers of stars with volume radius -in particular for those with M * > 1.1 M which all are potential progenitors of WDs. This increase follows, approximately, the simple relation N ∝ d 2.7 (see Section 2.1). Consequently, we generate each synthetic WD distance d i (in pc) from a random number off the interval between 0 and 100 2.7 , which is then taken to the power of 1/2.7. Compared to a uniform spatial distribution, this favours slightly the smaller WD distances, as do the somewhat higher stellar densities right on the Galactic plane.
The mass distribution of such a significantly magnitude-limited subsample of synthetic WDs is shown by Fig. 3 . In comparison with Fig. 2 (the mass distribution of the complete WD population model), there is only little difference here, while the temperature distribution is changed fundamentally (see below). A magnitude limit strongly biases the resulting subsample towards younger and hotter WDs, but these originate at random from stars of very different age and mass. Consequently, the magnitude-limited sample of WDs still represents the full range of initial masses. In fact, a magnitude limit of B = 16.0 shifts the peak of the WD mass distribution from just above 0.6 M (as with the complete population shown in Fig. 2) to just under 0.6 M (Fig. 3) . This is owing to a bias towards the slower cooling, and thereby brighter WDs with a lower mass. The resulting peak at 0.59 M is with only a bit higher mass than the actual, observed peak (around 0.55 M , see Koester et al. 2001) . Our control WD population model with the empirical mass distribution (model type 3) would even match the observed peak exactly.
The introduction of a brightness threshold to a sample of WDs truncates it very considerably, overwhelmingly so on the cool side of the original temperature distribution (shown in Fig. 3 ). In the case of a magnitude-limited (synthetic) WD sample with a volume limit set by d = 100 pc, we would see only ≈1350 out of ≈13700 objects . 6 ). Owing to the selection effects, the peak is shifted slightly to smaller masses, when compared to the mass distribution of the entire WD population shown in Fig. 2 (note the much different scale!) . The same severe bias towards hotter WDs in any magnitudelimited WD sample leads to a much reduced fraction of observed thick disc and halo WDs (older and cooler). Pauli et al. (2003) find, by a study of WD kinematics, only about 10 per cent of the nearby WDs with a thick disc or halo origin. This justifies our current focussing on a thin-disc-only WD population model.
A T E S T: T E M P E R AT U R E D I S T R I B U T I O N O F T H E H O L B E R G E T A L . ( 2 0 0 2 ) W H I T E DWA R F S A M P L E
The dramatic selection effects against cool WDs shown by the above magnitude-limited, synthetic subsamples demonstrates the importance of volume-limited, complete WD samples for a verification of our WD population model, even if that means a most severely restricted sample reach. In the future, the temperature distribution of a volume-limited WD sample created from Gaia data (complete to nearly 40 pc distance when limited by B = 19) will provide an excellent comparison, but present WD data (limited by B ≈ 16) are complete only within a very small volume around the Sun (i.e. d < 13 pc, see below). This provides only 3 per cent of the WDs which will once come with a volume-limited WD sample from Gaia data. These presently so small WD numbers in a complete sample restrict our comparison to the use of the above (Section 2.3) introduced temperature distribution indicator R 6300 . Holberg et al. (2002) present a list of observed WDs within 20 pc of the Sun and claim that completeness could be assumed for a subsample within d < 13 pc. In general, these objects are too faint for Hipparcos parallax measurements. For our study, we therefore adopted the distances given by Holberg et al. (2002) , except in two cases. The binary nature of the two objects lead to an incorrect distance determination. They are now known to have actual distances larger than 20 pc which excludes them from the sample: WD 0628−020 with d = 25 pc according to the spectroscopic distance of Reid (1996) , and WD 2249−105 with d = 38 pc according to Silvestri, Oswalt & Hawley (2002) , who find M V = 10.1 and V = 13.5 for the M dwarf companion of the WD (LP761-114 = WD2249-105). Recent spectroscopic observations by Kawka, Vennes & Thorstensen (2004) revealed that the 'WDs' WD 0311−543, WD 0509+168 and WD 1013−559 are main-sequence F stars rather than WDs. WD 0509+168 is also included in the SPY sample and we can confirm the new classification. This leaves us with a sample of 102 known WDs within the next 20 pc.
We then re-assessed the effective temperatures of these WDs, using recent measurements from the literature. Our main source for effective temperatures is the paper of Bergeron, Leggett & Ruiz (2001) which includes 61 of the WDs listed by Holberg et al. (2002) . Bergeron et al. determined T eff by a comparison of spectro-photometry and Hα line profiles with matching model atmosphere computations.
Effective temperatures for several other stars are available from spectroscopic analyses (see Table 3 for details) and two additional multicolour studies (Bergeron et al. 1997; Provencal et al. 2002) . For the remaining 13 (of the above 102) WDs we derived T eff from the B − V colour alone, using the Bergeron et al. (1995b) photometric calibrations -i.e. from their hydrogen atmosphere models for DA WDs, and from their helium atmosphere models for DBs. We extracted the B − V colour index from the catalogue of McCook & Sion (1999) -except for two stars not included there: WD 2336+079 (GD 1212) is listed in the Gliese & Jahreiss (1991) catalogue of nearby stars with B − V = 0.18. Observations of WD 1132−325 (VB 4) are hampered by a bright main-sequence companion and no photoelectric or CCD photometry is available. The only colour information is provided by Luyten (1976) who measured blue and visual/red brightnesses of 17 and 15, respectively. The quality is not good enough for a reasonable accurate temperature determination, but it indicates that T eff must be below 6300 K.
To be certain that the 13 effective temperatures which we derived from the B − V colour index would not differ in a systematic way from those already published and derived in more detailed studies (as specified above), we in fact determined T eff from B − V for all stars. This allows a critical comparison with the published temperatures for a total of 87 WDs.
Temperature determinations from multicolour analyses are not strictly independent from our B − V determinations, but Bergeron et al. (1997, 2001 ) and Provencal et al. (2002) used photometric measurements covering a large spectral range from the optical UV to the infrared and thus the results depend only weakly on B − V. The conclusion of our comparison is that at least for T eff < 8000 K, the only critical range for our indicator R 6300 , the differences are small and there is no systematic shift, as can be seen in Fig. 6 . There is a single exception, WD 2359−434, which has a spectroscopically determined temperature of 8672 K, while the B − V value (0.07, McCook & Sion) would yield 15 386 K. If, however, the temperature is derived from the Strömgren b − y value (0.20, McCook & Sion) we obtain 8817 K, in good agreement with the spectroscopic value. Table 3 lists our adopted parameters for the WDs from the Holberg et al. (2002) sample. For the supposedly complete subsample with d < 13 pc, there are now 43 WDs, out of which 13 are in binary systems. Assuming that WDs from single stars cool as fast as those found in binary systems, we do not distinguish between them as far as the temperature distribution is concerned -the WD numbers are already quite small, anyway. For the same reason, we must characterize the WD temperature distribution by a single indicator, R 6300 = N cool / N warm (see Section 2.3).
From the 40 WDs with d < 13 pc, we find R 6300 = 13/27 = 0.48. i.e. the probability that any WD of the local sample belongs to the cool class, is p = 13/40 = 0.325, and the probability of finding, say, k cool WDs in a sample of n WDs is simply given by the respective binomial distribution. We computed the cumulative distribution with the numbers given above and find 1σ style error limits from the extent of the 0.683 probability interval. The transformation into a statistical error for R 6300 then yields 0.49 ± 0.16.
In addition, we have to consider possible systematic effects of any (hitherto undetected) selective incompleteness of the Holberg et al. (2002) 13 pc subsample. In particular, cool WDs are faint and may have escaped recognition. This would then lead to a reduced R 6300 as obtained from the observed sample. Therefore, we need to investigate the possibility of such a selective incompleteness very seriously. In fact, most WDs in the 13 pc subsample were detected owing to their large proper motion, with Luyten's half-second catalogue (LHS; Luyten 1976) being the most important source. LHS is a whole sky survey for stars with a proper motion of 0.5 arcsec yr −1 or larger, down to a limiting magnitude of 18.0 (Dawson 1986) . It is expected that typical tangential velocities of nearby WDs should result in proper motions in excess of 0.5 arcsec yr −1 , with a number of exceptions owing to the statistical distribution of velocities and angles. Fig. 7 shows the observed distribution of proper motions for, each, the hot and cool WDs from the 13 pc subsample. As expected, most WDs have proper motions in excess of 0.5 arcsec yr −1 , and there are eight hotter WDs with proper motions below this value. However, the surprising result is that, apparently, there is no cool WDs with such a low proper motion -despite the ratio cool/hot WDs above 0.5 arcsec yr −1 suggests, we should have about five of them.
As far as the hot WDs in the 13 pc sample are concerned, some were discovered in other proper motion surveys which extend to lower proper motions, but which are less complete than LHS. Furthermore, two hot WDs in the 13 pc sample, WD 0310−0688 and WD 1620−391, were discovered only owing to their colour or spectroscopic properties. Such spectroscopic observations are far less complete, especially for fainter (cooler) candidates. We conclude, therefore, that the suspected bias of the 13-pc sample towards hot WDs is real, but that it is restricted mainly to the low proper motion regime. Hence, we can compute a much less biased value of R 6300 from the 13 cool and hot 19 WDs with high ( 0.5 arcsec yr −1 ) proper motion only, which is R 6300 = 0.68 (± 0.24 as of the respective binominal distribution). We may then suggest that the Holberg et al. 13-pc subsample is in fact short of completeness by about five (low-proper-motion, cool) WDs. Hence, the total WD count within 13 pc should rather be 45 (40 + 5).
This figure can now be compared with the one derived from our synthetic WD sample, see Section 2.1. For a volume of only 13 pc radius around the Sun, this suggests 37 single WDs. Statistically, these correspond to a total of 46 WDs when binary systems are included: for these small distances (d < 20 pc) and bright objects (M V < 4.0), as much as about 18 per cent of all stars seen by Hipparcos are known as binaries and had been subtracted from the sample of real stars on which our synthetic sample was modelled. In addition, about 2 per cent of spectroscopic binaries had been subtracted to clean the Hertzsprung gap (see Schröder 1998) . Owing to small-number statistics and remaining ambiguities with the model parameters of the synthetic WD sample (see Table 1 ), this number of 46 WDs has to be considered uncertain by about 20 per cent. Nevertheless, there is excellent agreement in these two total WD counts (45 versus 46) which supports the reliability of our above-given unbiased ratio of cool over hot WDs.
The empirical determined value of R 6300 = 0.68 ± 0.24 is in good agreement with our model, as it predicts R 6300 = 0.77. However, the large error range caused by the limited size of the complete local sample cannot rule out some of the other plausible models (cf. Table 2 ). Our model with a slightly smaller disc age (8.5 Gyr instead of 9 Gyr) may match even better.
T H E E X P E C T E D D E G R E E O F C O M P L E T E N E S S O F T H E S P Y S A M P L E
The above presented, magnitude-limited synthetic sample of the solar neighbourhood WDs can now be used as a bench mark test to the degree of completeness of any observed WD sample, and of the SPY project in particular. Of 1225 original SPY candidates, 147 objects turned out to be non-WDs, which currently leaves us with a revised list of 1078 prospected SPY WDs.
As the SPY observations and their analyses are in progress, data of a preliminary (randomly chosen) subsample of 588 WDs are presently available. Of these, we find 57 per cent (337 objects) to be closer than 100 pc and brighter than B = 16.0. This suggests an approximate number of 615 SPY WDs within the specifications of our synthetic subsample of WDs described above, with an uncertainty given by the statistical error of 25 objects or 4 per cent. Finally, we need to deduct the estimated ≈10 per cent of thick disc and halo WDs, to compare with our thin disc population model. This yields an anticipated 550 SPY WDs with B < 16.0 and d < 100 pc.
To compare the SPY objects with our synthetic sample, we have to consider two more points.
(i) SPY covers only about half of the visible area of the sky (48.5 per cent), missing out on all objects with δ > 25
• and on (most) WDs with Galactic latitudes b < 20
• (see Napiwotzki et al. 2003, fig. 2 ). This reduces the number of 1270 synthetic WDs with d < 100 pc to about 650 WDs which are representative of the fraction of the sky actually covered with SPY. As there is a more gradual change of detection probability near the critical Galactic latitudes, this figure is uncertain by about 5 per cent.
(ii) Our synthetic sample is modelled on the Hipparcos Catalogue, after removing any stars known as binaries. For the whole volume within d < 100 pc and M V < 4.0, the subtracted fraction of (known) binary stars was about 7 per cent (5 per cent binaries identified by the Hipparcos catalogue, and 2 per cent spectroscopic binaries). Hence, the synthetic sample falls short of a total thin disc WD population by those 7 per cent (± 1-2 per cent), giving us a benchmark for a complete SPY sample of about 700 WDs.
If we, furthermore, consider the uncertainties arising from the choice of model parameters for the synthetic WD sample (see Section 3) which, fortunately, are much smaller with the hotter WDs observed above B = 16.0 than for a complete sample, we estimate the above prediction to be uncertain by 10-12 per cent. This suggests that SPY will deliver a fairly complete sample of WDs within d < 100 pc and B < 16.0: i.e. 550 (±4 per cent) out of 700 (±11 per cent), or 79 ± 15 per cent. Most of the remaining incompleteness can be attributed to WDs which are companions to much brighter main-sequence stars. This could make an estimated fraction of somewhere between 7 and 15 per cent (strongly dependent on distance). Double degenerate binary systems, however, are well included in the SPY sample.
The remaining incompleteness of the SPY objects (with d < 100 pc and B < 16.0), appears to depend on T eff -compare Fig. 8 with Fig. 4 : the observed peak in the effective temperature distribution lies slightly closer to 10 4 K than the synthetic distribution predicts. Obviously, the observational selection criteria favour recognition of WDs with T eff around 10 4 K and also miss out on a fraction of WDs on the hotter side of the distribution. As the cool WDs were usually discovered by proper motion surveys, while most hot ones were selected owing to their very blue colors, a possible explanation is that both types of surveys missed a significant fraction of the intermediate temperature WDs. As important surveys (e.g. the Palomar Green survey by Green, Schmidt & Liebert 1986 ) have limiting magnitudes of ≈16, it can be suspected that SPY becomes incomplete for its more distant (d < 200 pc), fainter (V < 16.5) objects. In fact, a correspondingly larger synthetic WD sample would be equivalent to the 512 synthetic WDs in 100 pc with V < 15.0, scaled up by a volume factor of 5.5 which accounts appropriately for the finite scale height of the WD disc population. This leads to an estimated full-SPY-equivalent sample size of 2800, twice the size of the here-modelled subsample for d < 100 pc and V < 16.0. By comparison, the observed full SPY sample increases by a factor of 1.75 over its subsample of d < 100 pc, V < 16.0. Thus we conclude that the SPY incompleteness does not increase strongly towards its limiting magnitude.
O U T L O O K A N D C O N C L U S I O N S
On the observational side, this study shows the need and importance of a larger observed, volume-limited WD sample, which would be truly complete down to the lowest T eff . A lot of the remaining uncertainties with the WD models and the synthetic sample could then be tested more critically. Open questions, which arise in connection with the low-temperature (old) end of the WD population, are, for example, the impact of H 2 opacities and of any H-accretion from the ISM. Only after these questions are solved can we use the old WD population as chronometers (see Fontaine et al. 2001) and as an archaeological record of the early stages of Galactic evolution. Solutions for such interesting problems such as the formation of the Galactic halo and the ages of the 'thick' and the 'thin' Galactic disc could be given once we have full agreement between a refined synthetic and a larger, complete (volume-limited) sample of observed WDs.
A problem not yet discussed, but with significant implications for the exact value of R 6300 , lies in the fraction of non-DA-type WDs (i.e. DBs, DCs, etc.). These WDs are, apparently, created without any significant outer H layer and should cool down much faster than the ordinary WDs of type DA (to which the models apply on which we based our synthetic WD sample), owing to the very low opacity of He-rich atmospheres of cool WDs. A detailed discussion of cooling tracks of WDs with hydrogen and helium envelopes was presented by Hansen (1999) . Although differences are present between both sets of tracks during all phases of WD evolution, the dramatically faster cooling of He-envelope WDs of typical mass starts only after 4 Gyr, when the WDs are already cooled down to under 6000 K. Thus, we do not expect a large impact on our R 6300 index in a complete volume-limited sample from the 10-20 per cent fraction of WDs with He-rich envelopes -unless, perhaps, a significant number of those He-rich WDs has cooled down to invisibility.
For all these reasons, a verification of current WD models by means of comparing the observed with a synthetic temperature distribution, is a critical and new test. The resulting agreement (R 6300 = 0.68 from observation, as compared to 0.77 from the synthetic sample) is as good as it could have been expected given all present uncertainties.
In conclusion, we have presented a synthetic sample of WDs which is representative for the solar neighbourhood population. The creation of this sample considers in detail stellar evolution, the observed local IMF and SFR, and (for the first time) a tested dilution model for the older stars, for which we consider the expansion of the thin disc. By means of a magnitude-limited, synthetic subsample, we provide a bench mark test for observed WD samples. In application to the candidate list of the SPY project, we expect a fair completeness (nearly 80 per cent) in the observed volume, when limiting it to d < 100 pc and B > 16.0.
